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resolution. The relevance of folding in vitro to folding
in vivo was established using two small proteins, CI2
(chymotrypsin inhibitor 2, 64 residues) and barnase (Ba-
Alan R. Fersht1,3 and Valerie Daggett2,3
1 Department of Chemistry and MRC Centre for
Protein Engineering
cillus amylolquiefaciens Rnase, 110 residues), the twoUniversity of Cambridge
proteins on which many of the modern methods ofLensfield Road
studying folding were pioneered. Neither protein will foldCambridge CB2 1EW
until a stretch of C-terminal residues is free to interactUnited Kingdom
with the rest of the protein (Neira and Fersht, 1999; Neira2 Department of Medicinal Chemistry
et al., 1997). Hence, those small proteins have to leaveUniversity of Washington
the channel in the ribosome in order to fold. However,Seattle, Washington 98195
larger proteins that are made of a series of domains may
start to fold from the N terminus while the C-terminal
sequences are still bound. Once CI2 and barnase haveExperiment and simulation are now conspiring to give
escaped the ribosome, they also fold so rapidly andatomic-level descriptions of protein folding relevant
bind so weakly to the key molecular chaperone GroELto folding, misfolding, trafficking, and degradation in
that they are effectively immune to its influence. Barnasethe cell. We are on the threshold of predicting those
and CI2 fold with half-times of some 50 and 10 ms,protein folding events using simulation that has been
respectively. They bind very weakly to the major formcarefully benchmarked by experiment.
of GroEL in the cell, the GroEL14GroES7.ATP complex,
but much more tightly to GroEL, which is only transiently
formed on the hydrolysis of ATP. The half-time for the
ATPase activity of GroEL is many seconds, so that CI2,Protein folding and unfolding are fundamental events in
barnase, and other fast-folding proteins that are tran-the cell that have been very difficult to characterize in
siently bound to GroEL14GroES7 complexes fold beforedetail, even in vitro. However, the past decade has seen
they can enter the chaperoning cycle (Corrales anda revolution in experimental and theoretical methods
Fersht, 1996). The slowness of the ATPase activity ofthat can describe folding at atomic-level resolution. Ex-
GroEl.GroES may indeed be a gatekeeper (Corrales andperiments using engineered mutations as precisely tar-
Fersht, 1996) or timer (Weissman et al., 1996) activitygeted probes (φ value analysis) define the structures of
that has evolved to avoid GroEL being used unnecessar-intermediates and transition states in folding and un-
ily. But larger, slow-folding proteins may enter the chap-folding pathways at near-atomic resolution. NMR is pin-
eroning cycles. Further, although GroEL bound barnasening down the structure of the denatured state. Molecu-
folds 500 times more slowly than when free in solution,lar dynamics simulations can unravel whole pathways
it follows the same mechanism (Gray et al., 1993). Weof unfolding. Most importantly, experimentalists and
can assume that what we learn about the mechanismtheoreticians are working together to solve the prob-
of folding of small, fast-folding proteins in vitro will applylems. The synergy between experiment and theory is
to their folding in vivo and, to a large extent, to theincreasing as their timescales merge because of faster
folding of individual domains in larger proteins.computers and the discovery of ultrafast folding pro-
The second question asked by a cell biologist aboutteins. In this review, we outline the application of these
in vitro protein folding studies is: does understandingmethods and their results, and how they are being trans-
protein folding at atomic resolution have any biological
ferred from studies in vitro to processes in vivo. We
relevance? There are many diseases of protein misfold-
begin by discussing the importance and relevance of
ing, aggregation, and instability that are caused by inher-
studying protein folding in vitro and in silico to in vivo ent properties of a wild-type protein, by changes in the
protein folding, misfolding, and disease. protein environment, or by mutation. Understanding the
mechanism of folding may lead to ways of designing
Folding In Vivo versus Folding In Vitro drugs to correct these diseases. Studies of protein un-
The first question asked by a cell biologist about in vitro folding in vitro are very relevant since unfolding of many
protein folding studies is: do proteins fold the same way proteins is an important process in the cell. For example,
in vitro as they do in vivo? We know that proteins are transient unfolding can occur on transfer across mem-
slowly biosynthesized on the ribosome from the N ter- branes; there is reversible unfolding during the action
minus and that there is a host of complicated molecular of proteins such as titin; unfolding is a step in protein
chaperones in the cell that play diverse supportive roles degradation via the proteasome; and full or partial un-
in folding. The answer is generally, yes, small proteins folding is a key step in amyloidosis. In reality, most
up to the size of 10–15 kDa or so, which is the size of diseases of misfolding are diseases of unfolding; for
a domain of a larger protein, do fold in the same way. example, transthyretin, gelsolin, and the prion protein
These small proteins are also the very ones whose path- initially fold correctly. Some of the unfolding in vivo is
ways of folding we are beginning to unravel at atomic an active process, using methods or components that
can be mimicked or reconstructed in vitro. Other pro-
cesses are spontaneous and can be directly studied in3 Correspondence: arf25@cam.ac.uk (A.R.F.), daggett@u.washington.
edu (V.D.) vitro.
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Fundamental Problems in Studying Folding The discovery of two-state folding proteins revolution-
ized the study of protein-folding kinetics for several rea-Protein folding involves very small overall changes in
energy, typically ranging from 1 to 15 kcal mol1, as a sons. First, there is the very simplicity of the system that
lends itself to study both by simulation and experiment.protein progresses from its denatured state, possibly
via intermediates, to its native structure. These changes Second, the transition state for folding and unfolding is
one and the same, which means that the transition stateare equivalent to just the strength of a few hydrogen
bonds; denatured structures make many interactions for folding can be analyzed by measuring or simulating
the unfolding reaction kinetics, which will be seen laterwith water, which almost compensate for the interac-
tions in the native structure. Further, the states popu- to be essential. Third, small, two-state proteins are the
size of a single domain in a larger protein. Much oflated along the pathway are not discrete, single entities
but are ensembles of structures. The denatured state advanced protein folding study nowadays is of two-
state proteins, since they give information on the veryin particular is a heterogeneous collection of rapidly
interconverting structures, some of which have flick- early events in folding and basic principles on the folding
of domains that apply to larger proteins.ering native-like elements. As the protein folds, the en-
sembles become tighter, to eventually give the native
structure that fluctuates around the structure as seen Protein Engineering and φ Values
by X-ray crystallography. The study of mechanism in The transition state does not accumulate and so, apart
simple organic molecules usually deals with the forma- from a few special cases, it has to be characterized
tion of strong covalent bonds and stable intermediates indirectly. How do we study these elusive transition
that often can be isolated and characterized. The inter- states? There is a classical technique of chemistry, 
mediates in protein folding differ mainly by a myriad of value analysis, that is used to measure the extent of
weak noncovalent bonds. The challenge to the experi- bond formation in a transition state (Fersht, 1999): a
mentalist and theoretician is to cope with the small ener- substituent is introduced into a nonreacting part of an
getic changes and to devise methods for describing the organic reagent, and the relative effects of the substitu-
progress of all the side chains and the backbone at ent on the energy of activation and the free energy of
atomic resolution as the protein either folds or unfolds. the equilibrium give a measure of the extent of bond
There are only three methods currently available for this making and breaking in the reaction. Changes in struc-
level of resolution: NMR for equilibrium structures in ture are thus inferred from changes in energetics. The
solution, in particular intermediates and denatured next achievement of recombinant DNA technology was
states; kinetics on engineered mutants to give fine details to allow a similar, but not identical, procedure to be
of the structures of transition states and intermediates (φ introduced into the analysis of side chain interactions
values); and atomic-level simulation (molecular dynam- in proteins (Fersht et al., 1986, 1987). Using site-directed
ics, MD). These methods are increasingly being com- mutagenesis, we alter the direct interaction of a side
bined to describe complete unfolding pathways at chain of a protein with a ligand or with other residues
atomic resolution, which is the subject of this review. in a protein, which will perturb the energetics of the
reaction. Then, by comparing the effects of the substitu-
Folding Intermediates tion on the rate and equilibrium constants of the reac-
Classically, protein folding was considered to proceed tion, we can determine whether or not that interaction
via a series of intermediates, with partially formed struc- is formed in the transition state of the reaction. More
tural elements accruing during the folding reaction (Kim specifically, we calculate the quantityφ for protein fold-
and Baldwin, 1982). Much of the evidence for the neces- ing from the following equation (Fersht et al., 1986,
sity of intermediates was the result of the limited choice 1992):φ G‡D / GND, where G‡D and GND
of proteins available for study. Hence, most of the classi- are the changes in the free energies of activation and
cal folding studies involved characterizing those inter- the free energies of folding caused by mutation (see
mediates. However, the first impact on protein folding legend to Figure 1). Each mutation acts as probe for the
of recombinant DNA technology was to allow the pro- formation of structure at the site of mutation (Fersht et
duction of large quantities of proteins and their mutants al., 1992), and therefore, fine structure can be inferred
that were very suitable for extended study: T4 lysozyme from energetics. Aφ value of 0 implies that the structure
(Alber et al., 1987), Staphylococcal nuclease (Shortle, of the transition state at the site of mutation is the same
1986), and barnase (Matouschek et al., 1989). Then, as in the denatured state, while a φ value of 1 implies
small proteins, beginning with CI2, were found that fold that the structure is native-like at the site of mutation
with simple two-state kinetics and no detectable inter- in the transition state. Fractional φ values imply either
mediates (Jackson and Fersht, 1991). partial unfolding in the transition state, which has been
verified experimentally (Fersht et al., 1994), or a mixture
of folded and unfolded states.Folding Transition States and Two-State Folding
The only state accessible to experimental study in a φ value analysis is the only experimental technique
available for fine structure analysis of transition statestwo-state reaction is the transition state (Figure 1). A
transition state is the highest energy point on a reaction in general, and the transition state is the only entity
that can be studied in the folding of two-state proteins.pathway. One of the characteristics of a transition state
is that a molecule in its transition state structure should Consequently, φ values are increasingly being applied
to a wide variety of proteins, with more than 120 experi-collapse with equal frequency to its starting materials or
to its products. This defining characteristic has recently mental and theoretical studies in the last three years.
More sophisticated approaches extend φ values tobeen shown by simulation for CI2 (Li and Shakhnovich,
2001). study the movement of transition states with structure
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Figure 1. Reaction Profile and φ Value
Analysis
Schematic profiles are sketched in red for a
protein that has an alanine residue (A) in a
helix, and in blue for a mutant in which the
alanine is mutated to a glycine.
(Left) The transition state (‡), at the top of
the energy profile, has the helical region as
denatured as in the denatured state D. The
energy of the transition state is affected by
A to G by the same energy as in D, and so
the change in energy of ‡ relative to that of D,
G‡D, is 0. Thus, φ  G‡D/GND  0.
(Right) The opposite case when the helix is
fully structured in the transition state has
G‡D  GND, and so φ  1 (modified
from Fersht, 1999). The value of G‡D is
calculated from the ratio of rate constants for
folding of wild-type (kf(wt)) and mutant (kf(mut))
proteins [G‡DRTln(kf(wt)/kf(mut))]. The value
of GND is calculated by subtracting the
free energy of folding of wild-type protein
(GND(wt)) from that of mutant (GND(mut)). The
free energies of folding are usually measured
from urea-, guanidinium chloride-, or thermal-
denaturation curves. φ value analysis re-
quires measuring rate and equilibrium con-
stants.
and reaction conditions (Jager et al., 2001; Matthews atomic-level resolution of events in folding requires MD
simulation, the application of Newton’s laws of motionand Fersht, 1995; Oliveberg, 2001). Recently, φ values
have been applied directly to analyze secondary struc- to every atom in the protein using empirical energy func-
tions and computation (McCammon et al., 1977). Fortural interactions in small proteins that have been chemi-
cally synthesized with backbone substitutions (Fergu- real proteins, the simulations are generally applied in
the direction of unfolding for two reasons. First, simula-son et al., 2001). φ values also provide benchmarks
for computer simulation of folding. Recently, computer tions are currently restricted to timescales of less than
1 s (Daggett, 2000), which is far too short for the time-simulations have usedφ values as distance constraints
for prediction of transition states in a manner analogous scale of 1 ms for the half-time of folding of most pro-
teins. But, the rate of unfolding increases at high temper-to distance constraints in NMR structure determination
(Vendruscolo et al., 2001). atures and so most proteins unfold in less than 1 ns
at 225C. Secondly, unfolding occurs from the best-
characterized state on the pathway, the native state, inMapping Residual Structure in the Denatured
State by NMR contrast to folding, which starts from the least-known
and very heterogeneous denatured state. However, forNMR spectroscopy is the best method to study dena-
tured and partially denatured states in solution (e.g., two-state proteins, the transition state for folding and
unfolding is expected from the principle of microscopicShortle and Ackerman, 2001). The denatured state is
best described as an ensemble of conformations inter- reversibility to be the same, which has been confirmed
experimentally (Itzhaki et al., 1995), and therefore, un-converting faster than the NMR chemical shift timescale
(103 s1). At one extreme, as exemplified by CI2, the folding simulations give the structure of the folding tran-
sition state for two-state folding proteins as well as thedenatured state is expanded. However, in general, the
ensemble is not random but has regions that are biased unfolding transition state for multistate reactions (re-
viewed by Daggett and Fersht, 2000). Intermediatetoward the structural preferences of the native structure
as well as nonnative interactions. The extent and nature states and the unfolding pathway were the first to be
targeted for characterization via denaturing molecularof the residual structure varies with the environmental
conditions and typically involves transient hydrophobic dynamics simulations (Daggett and Levitt, 1992), and it
has now become quite a popular technique (reviewedclusters and residual but unstable secondary structure
and turns. Although these experimental methods have by Daggett and Fersht, 2000; Shea and Brooks, 2001)
At this stage in the development of MD simulations,revolutionized our view of the denatured state, the data
are insufficient for direct transformation into molecular it is essential to benchmark them by experiment for two
reasons. First, the potential functions they employ aremodels.
empirical and do have approximations. Second, extrap-
olation from unnaturally high temperatures in silico toMolecular Dynamics Simulations of Protein
Unfolding/Folding Pathways experimentally accessible temperatures adds more un-
certainty. So far, however, there has been excellentSimplified models of protein folding have enriched our
understanding of the fundamental principles of protein agreement between simulated and measured φ values
as well as other comparisons. Repetitive simulation offolding and can even approach atomic-level resolution
(see Onuchic et al., 2000, for a recent review). But, full the same unfolding reaction (e.g., for CI2, Li and Daggett,
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1996; Lazaridis and Karplus, 1997) shows that there are sents a basic folding unit and as such is a model for
folding units in larger multimodular proteins. The struc-variations in the pathway and transition state of un-
ture of the common transition state for folding and un-folding, but the different structures form an ensemble
folding has been studied by a variety of techniques,that fluctuates around the experimental data, which are,
including aφ value analysis using100 mutations span-of course, the average over a large number of molecules.
ning the length of the protein (Itzhaki et al., 1995; OtzenMore precise benchmarking will require develop-
et al., 1994) and the structures of a large number ofments in computer power by some three orders of mag-
truncated mutants and peptide fragments (Gay et al.,nitude so that simulation can be done to 1 ms and
1995). MD simulations started almost as early as thegreater. Steps are being taken in this direction in two
experiments (Li and Daggett, 1994; Daggett et al., 1996).ways. IBM is constructing a massive parallel computer—
The φ values are independent of whether unfolding orthe Blue Gene project (http://www.research.ibm.com/
refolding are measured, as expected for two-state kinet-bluegene/). Pande and colleagues have distributed
ics. The φ values for CI2 tend to fall between 0.2 andscreen savers that calculate discontinuous folding tra-
0.5. There are some higher values that are found in thejectories during the idle time of PCs around the world
 helix, particularly at the N terminus, and in the  sheet(Zagrovic et al., 2001). However, a step forward has been
for residues that dock with the helix. In general terms,made recently by the discovery by the experimentalists
the transition state for folding resembles a distortedof very fast unfolding and folding proteins that unfold
form of the native state, which appears to be increas-on the 1–10 ns timescale at 100C, so that experiment
ingly stretched out from the N-terminal region of theand simulation can be compared more directly (Mayor
helix and where it docks onto the  sheet. Secondaryet al., 2000; Ferguson et al., 2001). Importantly, these
structure is being consolidated at the same time as long-studies have shown that the overall unfolding pathway
range (i.e., separated in sequence) interactions.is independent of temperature and that the faster high-
Multiple unfolding simulations of CI2 (beginning fromtemperature simulations at 225C give results that are
the crystal structure and different NMR structures) wereapplicable to lower temperatures.
performed, and a transition state was identified from
each in the first study to characterize transition-stateProtein Folding at Atomic Resolution: Combining
ensembles via MD (Figure 2; Li and Daggett, 1994, 1996).φ Value Analysis, Molecular Dynamics
The simulations were done in parallel with the experi-Simulations, and NMR
mental studies in a blind manner; that is, they wereUnfolding simulations at high temperature (225C) for
performed as predictions, not as fits to experiment. Theextended times (4–20 ns) generate the entire reaction
transition states, identified in the simulations by a clus-profile from the native state, through the transition states
tering procedure, were similar overall, and the unfoldingand any intermediate that occur, to the denatured state,
pathways only diverged past the transition state as theywhich is observed to fluctuate through different confor-
generate a heterogeneous denatured state. The struc-mations. Experiment provides the data for transition,
tures in the transition state ensemble have the followingintermediates, and denatured states for validating the
characteristics: the hydrophobic core is considerably
simulations. Once the simulation has been corroborated
weakened; the secondary structure, particularly the 
at these experimental milestones, the simulation fleshes
sheet, is frayed; and packing of the secondary structure
them out into atomically defined structures, and then
is disrupted considerably (Figure 2).
fills in the rest of the events. Thus, there is synergy “Computer-mutations” were made to the transition
between experiment and simulation. state structures, and the difference in packing contacts
Here, we discuss first the combined application of between the wild-type and mutant proteins in the transi-
theory and experiment to CI2 and barnase. These pro- tion and native states were evaluated to determine a
teins represent the most thoroughly studied systems φMD value, which is in very good agreement with experi-
from both the experimental and theoretical points of ment for hydrophobic deletion mutants (Otzen et al.,
view and form a complementary pair in terms of their 1994). The best agreement with experiment is when the
structure and folding mechanisms. We briefly discuss individual members of the computer-generated transi-
two other proteins, engrailed homeodomain and WW tion state ensemble are pooled and averaged (R 0.94),
domains, which have not been characterized to the highlighting that the transition state is an ensemble of
same degree, but they are two of the fastest folding/ related structures (Li and Daggett, 1996; Daggett et al.,
unfolding proteins discovered to date. With these pro- 1996). Similar unfolding simulations of CI2 by Lazaridis
teins we can begin to bridge the difference in timescales and Karplus (1997), using a different set of energy func-
between simulation and experiment. While all of these tions, are consistent with the results described here.
proteins are small, they have different architectures, and The agreement between experiment and simulation
the general behavior of these systems should be more lends support, on the one hand, to the assumption that
globally applicable to other systems. the protein engineering approach need not dramatically
A Small Single-Domain Protein: Chymotrypsin change the folding process and can report on the behav-
Inhibitor 2 ior of the wild-type protein, and on the other hand, that
CI2, the archetypical two-state folding protein (Jackson MD simulation at higher temperature is a credible de-
and Fersht, 1991), contains a single  helix and a mixed scription of protein unfolding at experimentally accessi-
parallel and antiparallel  sheet (Figure 2). It is a single ble temperatures. Further tests of simulation were con-
“module” of structure, characterized by a lack of subdo- ducted using features of the simulated transition state
mains; essentially, the entire chain contributes relatively that pointed to mutations that should decrease the en-
ergy barrier for folding, thereby increasing the rate ofuniform interactions over the entire structure. CI2 repre-
Review
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Figure 2. Folding Pathway of CI2
An MD unfolding simulations from the native state N to the denatured state(s) D at 225C shown in reverse. The structures are colored from
red at the N terminus to blue at the C terminus. The 3, 2, and 1 ns structural snapshots, shown from left to right, are members of the D
ensemble. NMR, circular dichroism, and fluorescence spectroscopy on the denatured state and peptide fragments show that there is little
residual structure apart from a very weak conformational bias to form the helical region. Fragments of increasing length from the N terminus
do not form compact structures until residues 49–57 are added, which pack against and stabilize the native helix. The transition state (TS,
225 ps) is built around an extended nucleus, in which L49 and I57 pack against Ala16 (shown in magenta), toward the N terminus of the 
helix.
folding. Among other verified predictions, an Arg48→ A Multimodular Protein: Barnase
Historically, the protein engineering/φ value analysisPhe mutation was made that increases the rate of folding
40-fold (Ladurner et al., 1998). was initiated for substrate binding with the tyrosyl-tRNA
synthetase (Fersht et al., 1986, 1987) and was developedThe denatured state of CI2 is largely unstructured as
probed by NMR; however, there is some tendency for for folding studies on barnase (Matouschek et al., 1989).
Barnase is more complicated than CI2 in a variety ofvery weak native helical structure and some weak clus-
tering of hydrophobic residues, particularly near the ways. It is a multimodular protein (i.e., it has regions
that make more interactions within themselves than withcenter of the protein, as revealed by deviations in NMR
chemical shifts from random coil values (Kazmirski et the rest of the protein [Yanagawa et al., 1993]) with
three hydrophobic cores and a mixed 	  architectureal., 2001). The unfolding simulations, described above,
were continued until the protein unfolded. The simulated (Figure 3). Its folding is also more complicated, and there
is at least one folding intermediate. Unlike CI2, the extentdenatured state fluctuates with time to generate an en-
semble of structures—there is a principle in classical of formation of structure in the transition state is not
evenly distributed throughout the protein. Instead, somephysics, the ergodic principle, that observation of the
behavior of a molecule over n time intervals is equivalent regions of barnase have φ values near 1, others have
values of 0, and some regions are intermediate (Serranoto looking simultaneously at n molecules in an ensemble.
The denatured state ensemble is expanded with little et al., 1992; Matouschek et al., 1989; Daggett et al., 1998).
The center of the  sheet and the C-terminal portion ofpersistent secondary structure and few tertiary contacts
(Figure 2). There is some dynamic, residual native helical 1 have φ values of approximately 1. There are partial
φ values for the edges of the sheet and for the packingstructure, but the  sheet is totally destroyed. There are
some dynamic hydrophobic clusters in the denatured of the N-terminal  helix (1) and the  sheet, which
constitutes the major hydrophobic core. The second do-ensemble, of which the more persistent ones are found
in the center of the protein. main, containing 2, and the loops have φ values of ap-
proximately 0. The multimodular barnase folds by partsIt has been proposed that Ala16 is a nucleation site
in the folding of CI2 (Itzhaki et al., 1995; Shakhnovich and is not a single cooperative folding unit as is CI2.
Another important contrast with CI2 is that the dena-et al., 1996). Ala16 retains some native interactions in the
denatured state with neighboring core residues, most tured state of barnase is relatively compact. NMR stud-
ies of the structural and dynamic features of pH-, urea-,notably with Leu49 and Ile57. The simulated transition
state models indicate that the docking involves only a and temperature-denatured barnase demonstrate that
some fraction of the denatured ensemble contains resid-portion of the  sheet. The φ value analysis supports
this idea, as only Ala16, Val19, and Leu49 haveφ values ual, nonrandom structure, especially in1 and the center
of the  sheet (Figure 3; Wong et al., 2000). Extended
0.5.
The overall picture from the experimental and theoreti- MD simulations yield realistic unfolding pathways and
models of the intermediate state (Caflisch and Karplus,cal studies is that CI2 folds by a nucleation-condensa-
tion/collapse mechanism, in which the protein appears 1994, 1995; Li and Daggett, 1998), and extension of
these simulations to the denatured state confirms theto condense or collapse around an extended nucleus
as it itself is being consolidated (Fersht, 1995; Itzhaki experimental findings and allows for the reconstruction
of the denatured state ensemble (Bond et al., 1997;et al., 1995). As simulated directly by MD, unfolding,
expansion, and loss of secondary structure occur con- Wong et al., 2000). Importantly, the overall topology re-
sembles that of the native structure. The regions of re-comitantly in unfolding (Li and Daggett, 1994, 1996),
which implies that folding occurs by the concomitant sidual structure in denatured barnase correspond fairly
well to the moderately and highly structured portions ofcollapse and formation of secondary structure that was
implied by φ value analysis. Simulation shows directly the intermediate and transition states. The C-terminal
end of 1, portions of the loop between 1 and 2, andhow the nucleation site remains embryonic until suffi-
cient long-range contacts are made (Figure 2). several residues within 3 haveφ values close to 1. The
Cell
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Figure 3. Folding Pathway of Barnase
An MD unfolding simulation from the native state N to the denatured state D (D is represented by the 4 and 3 ns structures, displayed on the
furthest and next left, respectively), via intermediate I (0.6 ns) and transition state TS (140 ps), at 225C, is shown in reverse. The structures
are colored from red at the N terminus to blue at the C terminus. NMR spectroscopy on the denatured state and peptide fragments and the
simulation show that the denatured state is an ensemble of structures whose overall topology resembles that of the native state. In particular,
the  hairpin at the center of the antiparallel  sheet is favored in the denatured state, albeit with some nonnative interactions. The N-terminal
helix is also somewhat structured, stabilized by hydrophobic interactions. The final transition state consists of the largely formed N-terminal
helix docked onto the  sheet, which is strongly formed in the central regions, with the hydrophobic core in the process of being formed and
other interactions consolidated.
presence of persistent structure at the C terminus of 1 time molecular dynamics unfolding simulations to be
tested on this system at a realistic temperature (Mayorand the (34) turn region present in the denatured
ensemble, intermediate, and transition states supports et al., 2000). The transition state in MD simulations at
225C is reached in 0.26 ns, rising to 2 ns at 100C,a folding pathway in which regions of local structure
initiate early events in folding (Figure 3). Hence, 1, core consistent with experimental extrapolation. Although φ
values are yet to be measured, both simulation and1, and portions of the  sheet appear to fold about
persistent initiation sites in the denatured ensemble until experiment find that the denatured state of the protein
is also highly helical and the folding is very much step-enough stabilizing interactions involving residues dis-
tant in sequence form a nucleation site (Fersht, 1997; wise, with the rate-determining step in folding being the
docking of highly formed helices (Figure 4).Wong et al., 2000).
Ultrafast Unfolding/Folding: Engrailed WW domains are primarily three-stranded antiparallel
 sheet proteins, as small as 38–44 residues. These alsoHomeodomain and WW Domain
The engrailed homeodomain (En-HD) from Drosophila fold very rapidly, with rate constants from 103 –104 s1.
φ values (Jager et al., 2001), including those for substitu-melanogaster is a mainly-helical protein of 61 residues.
It folds at 51,000 s1 around 42C, that is, a half-time of tion of the backbone (Ferguson et al., 2001), and simula-
tions indicate that the loop between the first two strands14 s. The unfolding rate constant is 1,100 s1 in water
at 25C, and 205,000 s1 at 63C. The unfolding half-life is highly structured in the folding transition state and that
the second loop is essentially unstructured (Figure 5).is extrapolated to be7.5 ns at 100C, which allows real-
Figure 4. Unfolding Simulations of Engrailed Homeodomain at 100C and 225C
As with CI2 and barnase, the structures from the unfolding simulations are shown in reverse, and the structures are colored red from the
N terminus to blue at the C terminus. The 0.26 ns and 1.985 ns structures are shown to represent the transition states at 225C and 100C,
respectively. The denatured snapshots shown are 75, 40, and 10 ns at 100C and 40, 25, and 5 ns at 225C, from left to right.
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Figure 5. Unfolding Simulations of the FBP28 WW Domain at Three Temperatures
The structures are colored red from the N terminus to blue at the C terminus. The denatured snapshots shown are 34, 14, and 6 ns at 60C;
20, 8, and 4 ns at 75C; and 16, 10, and 3.5 ns at 100C (from left to right). The TS structures are all approximately 2 ns.
General Principles of Protein Folding there are very strong secondary structural preferences,
then stable elements of native-like secondary structureThe denatured state of a protein is collapsed to vary-
ing degrees: it contains secondary structural elements form and can associate with others in diffusion-collision-
type encounters (Karplus and Weaver, 1994). However,and tertiary interactions, especially hydrophobic, which
rapidly form and break down. Events prior to the rate- very stable structures can also form stable off-pathway
structures that, in vivo, require the chaperoning systemsdetermining step in folding are relatively fast. Small heli-
ces and -hairpins, for example, form on the microsec- of the cell to untangle (Fersht, 1999).
In general terms, there are three classical hypothesesond–nanosecond timescale (Eaton et al., 1997). Native
secondary structure tends to form where there are con- for mechanisms of folding (Figure 6): hierarchical, in
which secondary structural elements, such as helices,formational preferences that favor it and where stabiliz-
ing long-range contacts are formed. It is the presence of turns, and sheets, form first and then dock to form the
tertiary structure; nucleation-growth, in which a localflickering native-like secondary structure that facilitates
rapid folding and “funnels” the denatured state ensem- element of secondary structure forms and then there
is rapid growth; and hydrophobic collapse, in which able to the native structure (Bryngelson et al., 1995). If
Figure 6. The Three Classical Mechanisms
for Protein Folding
At left is pure framework or hierarchical, with
secondary structure formed before tertiary.
Center is nucleation. At right is tertiary inter-
actions initiating secondary structure forma-
tion (modified from Fersht, 1999).
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“molten globule” is produced as tertiary hydrophobic proteasome also actively unfold proteins by unraveling
their substrates from the attachment point of the degra-interactions are formed that initiate secondary structure
(Ptitsyn, 1987). The nucleation-condensation mecha- dation (Lee et al., 2001).
nism can be viewed as a hybrid of hierarchical and hy-
drophobic collapse mechanisms, in which hydrophobic Future Developments
tertiary interactions are consolidated at the same time φ value analysis, which was developed for analyzing
as elements of secondary structure. Variations in the catalysis and protein folding in vitro, is a very robust
intrinsic stability of secondary structural element for dif- technique that can be applied directly to protein pro-
ferent proteins can lead to apparently different mecha- cesses in vivo or in reconstructed systems, from the
nisms, which are in fact extreme manifestations of a unfolding events above to phenomena such as the con-
basic mechanism. CI2 is typical of the majority of do- formational wave passing through receptors on ligand
mains in that its individual elements of native secondary binding (Grosman et al., 2000). Thanks to the synergy
structure are unstable in the absence of tertiary interac- with experiment, MD simulation is proving to be robustly
tions. Thus, folding is of necessity highly cooperative, applicable to folding pathways. Continued benchmarking
and so the transition state has to be native-like and of the simulations by experiment, especially with fast fold-
with a full nucleation-condensation mechanism. For CI2, ing/unfolding proteins, should allow simulation to be
there are weak conformational preferences in the dena- developed and so predict protein-folding reactions in
tured state for the nucleating helix, but these have to the cell with ever-increasing confidence.
be enhanced by tertiary contacts. Conversely, the 
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